Palmitoylation, the attachment of palmitate and other fatty acids on to cysteine residues, is a common post-translational modification of both integral and peripheral membrane proteins. Dynamic palmitoylation controls the intracellular distribution of peripheral membrane proteins by regulating membrane-cytosol exchange and/or by modifying the flux of the proteins through vesicular transport systems.
Introduction
S-palmitoylation, the attachment of fatty acids (predominantly palmitate) on to cysteine residues, has emerged as an important post-translational modification of a broad range of cellular proteins. Palmitoylation reactions are mediated by the DHHC protein family [1, 2] . These proteins are identified by the presence of a 51-amino-acid domain containing a DHHC (Asp-His-His-Cys) motif and a high abundance of cysteine residues. Mammalian genomes encode up to 24 DHHC proteins (excluding splice variants) [3] , which localize mainly to the endoplasmic reticulum and Golgi apparatus [4] . Genetic studies in the yeast Saccharomyces cerevisiae have shown that essentially all protein palmitoylation is dependent upon DHHC proteins [5] , although there may be a few examples of DHHC proteinindependent palmitoylation (e.g. [6] ). DHHC proteins are all predicted to be polytopic membrane proteins, with the catalytic DHHC domain present on a cytoplasmic loop [7] . This topological organization restricts palmitoylation reactions to the cytoplasmic surface of intracellular membrane compartments. This is an important distinction between palmitoylation and other lipidation reactions, such as N-myristoylation and isoprenylation, which are catalysed by soluble enzymes.
Palmitoylated substrates include both transmembrane and soluble proteins (a term used in the present paper to indicate the lack of a transmembrane domain) [8] . The strong membrane affinity of palmitate is essential for supporting the peripheral membrane association of many soluble proteins. For such proteins, the intracellular localization of the partner DHHC protein dictates to which membrane compartment these proteins become stably anchored. However, many soluble proteins do not remain at the compartment where their palmitoylation takes place, but instead are collected as cargo and delivered to other regions of the cell via Key words: cysteine-string protein, DHHC protein, palmitoylation, 25 kDa synaptosomeassociated protein (SNAP25). Abbreviations used: APT, acyl protein thioesterase; BFA, brefeldin A; CSP, cysteine-string protein; PM, plasma membrane; RE, recycling endosome; RNAi, RNA interference; SNAP25, 25 kDa synaptosome-associated protein; TGN, trans-Golgi network. 1 To whom correspondance should be addressed (email luke.chamberlain@strath.ac.uk). vesicular transport [9] . Furthermore, palmitoylation is a reversible modification, and the intracellular localization of palmitoylated peripheral membrane proteins is markedly affected by dynamic changes in palmitoylation status; palmitate turnover on some proteins may be as short as a few minutes [10] . The enzymes mediating protein depalmitoylation have not been characterized as extensively as the DHHC palmitoyltransferases; however, APTs (acyl protein thioesterases) 1 and 2 mediate fatty acid turnover on at least some palmitoylated proteins, and are generally considered to be the predominant enzymes mediating protein depalmitoylation in cells [11] [12] [13] .
Trafficking of palmitoylated Ras proteins
The role of palmitoylation in regulating the trafficking of Ras proteins has been extensively studied, and models for the palmitoylation-dependent localization of Ras have served as exemplars for other soluble proteins. The activation status of Ras proteins is controlled by GTP/GDP binding, and the signalling functions of these proteins is central to key processes such as cellular growth and differentiation [14] . Hyperactivating mutations in Ras are present in many cancers, and thus it is important to delineate mechanisms regulating their activity from a clinical/translational perspective [15] . As Ras function is dependent on membrane interaction, there has been considerable interest in the lipid modifications and membrane-targeting pathways of these proteins. All Ras isoforms undergo farnesylation on a C-terminal CAAX (Cys-Ala-Ala-Xaa) motif [16] . However, a single isoprenyl chain is not sufficient for stable membrane interaction [17] or for trafficking of Ras proteins to the PM (plasma membrane) [18] . Instead, PM targeting of Ras proteins depends on a second signal that is located adjacent to the CAAX motif: a polybasic domain for K-Ras and palmitoylation for N-and H-Ras [16, 18, 19] . Analyses of the trafficking of palmitoylated Ras isoforms have led to the development of a fascinating molecular description of how dynamic palmitoylation and depalmitoylation events co-ordinate the precise intracellular patterning of these proteins [10, 20, 21] . It has been recognized for many years that palmitoylation of Ras proteins is dependent upon their prior farnesylation [16] . Farnesylation facilitates palmitoylation by providing a modestly hydrophobic signal sufficient for transient membrane interaction of Ras, which facilitates interaction with membrane-bound DHHC proteins. Subsequent palmitoylation and the generation of a dual farnesyl-palmitoyl signal provides a strong membrane affinity that drives stable membrane attachment of Ras [17] . Palmitoylation of Ras is believed to occur at the Golgi, most likely to be mediated by DHHC9 [22] , although other DHHC proteins may also contribute to Ras palmitoylation [20] . Following palmitoylation, Ras appears to exit the Golgi with rapid dynamics and traffic via vesicular transport to the PM [10] . However, the PM is not the final destination for Ras: palmitoylation of Ras turns over with very rapid kinetics, and depalmitoylation can essentially occur at any time and location, leading to membrane release, cytosolic diffusion and subsequent repalmitoylation of Ras at the Golgi [10, 20] . Experiments using a newly described inhibitor of APT1 (palmostatin B) are consistent with Ras depalmitoylation being mediated by this protein [23] . The continuous cycle of palmitoylation and depalmitoylation, occurring with rapid dynamics, regulates the precise intracellular localization of Ras proteins between the Golgi, PM and cytosol [24] . In the present paper, it is important to emphasize the contribution of both vesicular transport (of farnesylated/palmitoylated protein) and cytosolic diffusion (of farnesylated protein) in dictating Ras intracellular localization [24] .
Palmitoylation and trafficking of multiply palmitoylated peripheral membrane proteins
N-Ras is palmitoylated on one cysteine residue, whereas H-Ras has two palmitoylation sites. However, some other peripheral membrane proteins are more extensively palmitoylated; for example, the membrane-fusion protein SNAP25 (25 kDa synaptosome-associated protein) is palmitoylated on a central cysteine-rich domain containing four potential palmitoylation acceptor sites [25] , whereas the DnaJ molecular chaperone CSP (cysteine-string protein) is modified on as many as 14 cysteine residues in a central cysteine-rich domain [26] . SNAP25 and CSP function in regulated exocytosis, a pathway that mediates the tightly controlled secretion of molecules such as neurotransmitters, peptides and hormones. In addition, genetic knockout of CSP in mice leads to neurodegeneration [27] , and mutations in the DNAJC5 gene encoding CSP were recently identified as the cause of the neurodegenerative disorder adult-onset neuronal ceroid lipofuscinosis [28] .
SNAP25 palmitoylation is sensitive to the fungal metabolite BFA (brefeldin A), which disrupts the integrity of the Golgi complex [29] . Consistent with this observation, DHHC co-expression studies identified a subset of four Golgi DHHC proteins that promote palmitoylation and membrane binding of newly synthesized SNAP25 (DHHC3, DHHC7, DHHC15 and DHHC17) [30] . RNAi (RNA interference) experiments are consistent with a requirement for both DHHC3 and DHHC17 for effective palmitoylation of SNAP25 in cultured neurons (the effects of depleting DHHC7 or DHHC15 on SNAP25 palmitoylation has not been reported) [31] . Furthermore, SNAP25 palmitoylation is also reduced in DHHC17 (also known as HIP14)-knockout mice [32] . Thus, similar to Ras proteins, palmitoylation of SNAP25 occurs at the Golgi. However, whereas a pool of Hand N-Ras is present on the Golgi at steady state, SNAP25 is virtually undetectable on Golgi membranes [33] , but is instead predominantly localized at the PM and REs (recycling endosomes)/TGN (trans-Golgi network) [33, 34] .
SNAP25 is not modified by other hydrophobic groups, such as prenylation, and it is not exactly clear how this protein associates with membranes before palmitoylation. Mutational analysis is consistent with the hydrophobic cysteine-rich domain of SNAP25 being important for initial membrane targeting [35] , although the exact mechanisms regulating membrane interaction of non-palmitoylated SNAP25 require additional investigation.
CSP is modified in co-expression assays by the same DHHC proteins as for SNAP25 [36] , implying that palmitoylation of this protein also occurs at the Golgi. Furthermore, the overall hydrophobicity of the cysteinestring domain has also been suggested to be required for initial membrane interactions of CSP [37] . Interestingly, however, BFA has no effect on the palmitoylation of CSP [36] . If CSP and SNAP25 employ similar mechanisms to access cell membranes before palmitoylation (i.e. their hydrophobic cysteine-rich domains), and if they are both modified by the same sets of DHHC proteins, why does the palmitoylation of these proteins display differential sensitivity to BFA? We propose that this difference reflects distinct properties of the membrane-targeting (i.e. cysteinerich) domains of these proteins; CSP may have an affinity for 'any' intracellular membrane, allowing palmitoylation even when Golgi enzymes are diluted within a fused ER-Golgi compartment, whereas the cysteine-rich domain of SNAP25 might have a strict preference for interaction with Golgi membranes (lipids) in its non-palmitoylated state.
CSP is mainly associated with secretory vesicles in neurons and neuroendocrine cells. However, the role of the extensive palmitoylation of CSP in targeting to these membranes has been difficult to assess due to a requirement for many of the cysteine residues in CSP for initial membrane interaction, and the propensity of exogenous CSPs to target predominantly to the PM.
Palmitoylation dynamics of peripheral membrane proteins
The combined results of many studies have clearly demonstrated that palmitoylated proteins can vary dramatically in their rates of depalmitoylation [8, 38] . Indeed, some proteins appear to have minimal (if any) turnover. Rapid turnover of palmitate on H-and N-Ras is readily detected using standard pulse-chase experiments with radiolabelled palmitic acid [39] . Early studies indicated a half-life for N-and H-Ras palmitoylation of approximately 20 and 90 min respectively [39] . Indeed, it is possible that these high turnover rates may be an underestimate due to the difficulty in completely removing radiolabelled palmitate from cells during pulse-chase protocols. Indeed, more recent work analysing localization changes in micro-injected semisynthetic Ras constructs has suggested that palmitoylation turnover can be of the order of 1 min or so [10] .
In contrast with the readily detectable turnover of palmitate on Ras proteins, inconsistent conclusions have resulted from analyses of SNAP25 palmitoylation using similar pulse-chase studies [40] [41] [42] . One relevant issue is the sensitivity of such pulse-chase studies for detecting palmitate turnover on multiply palmitoylated substrates such as SNAP25; for example, would a moderate rate of turnover on one out of four of the palmitoylated cysteine residues be readily detected in these assays? An alternative approach taken by our group to investigate dynamic turnover of palmitoylation on SNAP25 was to compare [ 3 H]palmitic acid labelling of SNAP25 in control cells with cells treated with the protein synthesis inhibitor cycloheximide [33] . In these assays, palmitate incorporation into SNAP25 was still robustly detected when protein synthesis was turned off, indicating a degree of palmitate remodelling/turnover on mature SNAP25 [33] .
The potential difficulty in detecting palmitoylation turnover on a small number of cysteine residues in SNAP25 is accentuated even further when considering CSP. CSP is modified on up to 14 cysteine residues within the signature cysteine-string domain. This extensive palmitoylation of CSP promotes a notable decrease in migration of the protein on SDS gels (migration is retarded by ∼7 kDa), which allows the easy discrimination of palmitoylated from non-palmitoylated forms of the protein [37] . Furthermore, partially palmitoylated forms can also be distinguished from fully palmitoylated forms of CSP on SDS gels [37] . As endogenous CSP typically migrates as a single palmitoylated band (rather than a smear), there are unlikely to be sizeable pools of differentially palmitoylated forms of CSP, although more subtle differences in the extent of palmitoylation between individual CSP monomers are a possibility [37] .
Role for dynamic palmitoylation in regulating membrane cycling of SNAP25
In neuroendocrine PC12 cells, an intracellular pool of SNAP25 was identified, co-localizing with markers of REs and the TGN [33, 34] . This endosomal fraction of SNAP25 was not depleted by cycloheximide treatment, implying that it does not depend upon new protein synthesis for its maintenance [34] . Instead FRAP (fluorescence recovery after photobleaching) experiments highlighted dynamic cycling of SNAP25 between the PM and the RE/TGN compartments [34] . The internalization of SNAP25 from the PM into this dynamic cycling pathway was via an Arf6 (ADP-ribosylation factor 6) and actin-dependent pathway [34] .
What is the purpose of SNAP25 cycling through this PM-to-RE/TGN pathway? In fact, Martin and colleagues uncovered an important function for SNAP25 at endosomes: RNAi-mediated depletion of SNAP25 or cleavage of the protein with botulinum neurotoxins inhibited traffic of cargo proteins, such as the transferrin receptor, through the endosomal system [43] . Thus SNAP25 functions in membrane-fusion events at both the PM (exocytosis) and within the endosomal system, and entry of SNAP25 into the dynamic cycling pathway is critical for this dual function.
How is SNAP25 recruited into the dynamic PM-to-RE/TGN cycling pathway? Two lines of evidence were presented to suggest that entry into the pathway is mediated by palmitoylation: first, a construct consisting of the minimal 35-amino-acid palmitoylation domain of SNAP25 displayed an identical localization with that of full-length SNAP25; and secondly, appendage of the minimal membrane-targeting domain of K-Ras to the C-terminus of a SNAP25 mutant lacking palmitoylation sites supported PM delivery, but localization to the RE/TGN compartment was absent [33] . Thus palmitoylation appears to be necessary and sufficient to mediate SNAP25 entry into the dynamic cycling pathway.
In addition to the role of palmitoylation in entry of SNAP25 into an endosomal cycling pathway, further analysis of cysteine mutants suggested that the flux of SNAP25 through this pathway might be dependent upon the extent of palmitoylation. Specifically, mutation of any single cysteine residue in SNAP25 was found to promote accumulation of the protein in the endosomal system [33] . These mutagenic experiments thus link changes in SNAP25 palmitoylation status with flux of the protein through the RE/TGN cycling pathway. At present, the underlying mechanism(s) that links palmitoylation to SNAP25 cycling is not known. However, one possibility is that full palmitoylation of SNAP25 targets the protein into cholesterol-rich domains in endosomes and that this is important for exit of SNAP25 from this compartment. Our previous work highlighted a correlation between the extent of SNAP25 palmitoylation and its association with detergent-resistant membranes in vitro [44, 45] ; protein association with detergent-resistant membranes is thought to reflect an affinity for cholesterolrich 'raft' membrane domains.
Regulation of SNAP25 palmitoylation by post-Golgi DHHC proteins
If SNAP25 cycling is linked to palmitoylation status, what are the enzymes that regulate dynamic turnover of palmitoylation on this protein? There is no evidence that SNAP25 returns to the Golgi (similar to Ras proteins) and this suggests that dynamic remodelling of palmitoylation must be mediated by post-Golgi enzymes. Whether SNAP25 is a target of the known thioesterase enzymes is not currently clear, although the homologous protein SNAP23 (∼60% identical at amino acid level) was suggested to be a target of APT1 [46] .
Whereas the identity of the enzymes that regulate depalmitoylation of SNAP25 is not clear, there is evidence to suggest that SNAP25 is palmitoylated by DHHC2 [30] , which localizes to the PM and REs in PC12 cells [47] . Specifically, co-expression of SNAP25 and DHHC2 in HEK (human embryonic kidney)-293 cells promoted an increase in [ 3 H]palmitate incorporation into SNAP25 [30] . Thus DHHC2 has key properties that make it a strong candidate 'master regulator' of dynamic cycling of SNAP25: first, it has the required localization, and, secondly, it is active against SNAP25. Nevertheless, direct evidence linking DHHC2 activity with SNAP25 cycling has not been presented.
Palmitoylation turnover rates and the extent of palmitoylation as regulators of intracellular localization
The key factor regulating the localization of palmitoylated proteins is whether, and the rate at which, proteins convert into a fully depalmitoylated state. The complete depalmitoylation of a protein will depend on two factors: the number of attached palmitate chains and the rate at which the individual palmitate groups are turned over. Thus for Ras proteins, the more extensive accumulation of N-Ras on Golgi membranes, compared with H-Ras, is likely to be a consequence of the former protein having a higher rate of full depalmitoylation owing to it having only one rather than two palmitoylation sites. Proteins with a lower rate of depalmitoylation and/or more palmitate groups are likely to enter the endosomal system from the PM; this is seen for SNAP25, but also for other proteins such as TC10 and RhoB [20] .
Thus accumulating evidence suggests a simple model for the distribution of palmitoylated peripheral membrane proteins: a high rate of full depalmitoylation favours a Golgi-PM localization, whereas a lower rate of transition to a fully depalmitoylated state leads to proteins entering the endosomal system. The role of palmitoylation in regulating flux of SNAP25 through the endosomal cycling pathway adds an extra layer of complexity to this model, and highlights the fact that current models do not allow a simple prediction of protein localization to be made on the basis of palmitoylation sequences alone. Future work will address whether other palmitoylated proteins also display a similar dependence on their level of palmitoylation for PM-endosomal cycling.
Concluding remarks
Analysis of the role of palmitoylation-depalmitoylation reactions in regulating the localization of Ras proteins has provided elegant models that are likely to be applicable to a range of palmitoylated peripheral membrane proteins. However, superimposed on these models are intricate roles for palmitoylation in regulating entry in and cycling through the endosomal system, or other compartments in the cell. In this respect, an important distinction must be made between proteins such as Ras, which cycle between palmitoylated and fully non-palmitoylated states and undergo cytosolic diffusion, and proteins such as SNAP25, which undergo dynamic palmitoylation remodelling, but without detaching from membranes. 
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